We present evidence that the microtubuleassociated protein tau is present in oligodendrocytes (OLGs), the central nervous system cells that make myelin. By showing that tau is distributed in a pattern similar to that of myelin basic protein, our results suggest a possible involvement of tau in some aspect of myelination. Tau protein has been identified in OLGs in situ and in vitro. In interfascicular OLGs, tau localization, revealed by monoclonal antibody Tau-5, was confined to the cell somata. However, in cultured ovine OLGs with an exuberant network of processes, tau was detected in cell somata, cellular processes, and membrane expansions at the tips of these processes. Moreover, in such cultures, tau appeared localized adjacent to or coincident with myelin basic protein in membrane expansions along and at the ends of the cellular processes. The presence of tau mRNA was documented using fluorescence in situ hybridization. The distribution of the tau mRNA was similar to that of the tau protein.
Tau is known to be a microtubule stabilization factor in the long axonal processes of neurons (1) (2) (3) . Original immunolocalization studies supported this role in that monoclonal antibodies (mAbs) to tau appeared to stain axons exclusively (2, 4, 5) . Since these studies, numerous reports have demonstrated the presence of tau in the somatodendritic and astrocytic compartments in the brain (6) (7) (8) , although phosphatase treatment was usually necessary to visualize nonaxonal tau (6) . Tau proteins are produced by the alternate splicing of a single mRNA transcript resulting in six isoforms in the central nervous system (CNS) (9-11). Tau's primary structure shows a large number of Pro-Gly repeats predictive of a highly flexible molecule (12, 13) . Moreover, the 17% of serines and threonines present in tau and their potential of undergoing phosphorylation adds to the number of possible conformational states that tau protein may attain (14) . It is this multiplicity of forms that introduces elements of uncertainty and complexity in tau's immunocytochemical detection.
Tau isoforms have been found localized differentially in subcellular compartments suggesting functions other than and in addition to its role as a microtubule-associated protein (MAP) . Ultrastructural studies demonstrated that tau was associated with microtubules and ribosomes (6) . In cultured neuroblastoma cells, the association of tau with microtubules in the cytoplasm was equivocal, but tau was found aligned with the fibrillar regions of nucleoli within the nucleus (15) . Here, we reveal another facet to tau's interactions by reporting its segregation with myelin basic protein (MBP).
During development, interfascicular oligodendrocytes (OLGs) extend numerous processes that surround axons to elaborate the myelin sheath. OLG processes are very rich in microtubules and in actin-containing microfilaments. Similarly, cultured OLGs elongate their processes to elaborate membrane expansions into the myelin-like structures (16) (17) (18) (19) . It is at the site of myelin assembly that MBP mRNA is translated. To reach its site of translation, this mRNA is translocated long distances from the cell body (20) (21) (22) (23) , establishing yet another example of "local synthesis" similar to that occurring at the base of dendritic spines in the neuron (24) . Presumably, microtubules are involved in this transport process. Prior to this study, the only other MAP described in oligodendrocytes was MAPlB (25) .
Other reports have suggested that tau is present in OLGs. For example, tau was found to localize in perineuronal OLGs in gray matter (6) . Autoclaving of sections from human brain has allowed staining of OLGs with Abs to the paired helical filaments (PHFs) that form in the abnormal neurons in Alzheimer disease (26) . PHFs are largely composed of tau (27) (20 ,um) were cut on a vibratome and exposed to various concentrations of mAb Tau-5 (IgGl subclass). Antibody binding was visualized following incubation in mouse ClonoPAP (Sternberger-Meyer, Jarrettsville, MD) using H202 and diaminobenzidine as the chromogen (28) .
Electron Microscopic Examination. Vibratome sections (20 ,um thick) were fixed and processed for immunostaining using mAb Tau-5 or a control Ab and the peroxidase-antiperoxidase technique as described (29) . Following immunostaining, sections were exposed to 1% OS04 for 30 min, dehydrated in graded alcohols, passed through propylene oxide, and flatembedded in-Epon according to standard procedures. Ultrathin sections were picked up on uncoated 200-mesh nickel grids and viewed with a JEOL 100CX II electron microscope operated at 60 kV without prior staining with heavy metals.
Cell Culture. OLGs from 6-month-old lamb brains were isolated (30) and kept in long-term culture by a modification of the method previously described (31) .
Immunofluorescence. Indirect immunofluorescence was performed by methods standard in our laboratory (15) . Cells were cultured on poly(D-lysine)-coated glass slides and fixed with 3% formaldehyde for 30 min at room temperature. Briefly, the cells were permeabilized with 100% ethanol (-20°C), rinsed in PBS, and kept in 1% bovine serum albumin for 10 min. The cells were then incubated with the corresponding Ab followed by incubation with an appropriate fluoresceinor Texas red-conjugated secondary Ab. All incubations were done for 30 min at 37°C in a humidified atmosphere, and each incubation was followed by three 5-min washes in PBS. Controls in which the primary mAbs were deleted were routinely performed. The (38) . The range of cell morphologies seen in these cultures fits the classical description of OLG subtypes (for review, see ref. 39 ).
Four-week-old cultures were examined by immunofluorescence using mAbs Tau-5 and Tau-1; these antibodies recognize distinct epitopes on the tau molecule. The staining localized intensely in the cell somata (Fig. 2) and in most OLG processes (Fig. 3 B and D) . The tips of OLG processes exhibited a granular pattern of tau staining (Fig. 3B) (41, 42) , where the expressed protein binds. Therefore, we sought to determine whether tau mRNA is targeted to structures other than microtubules in OLGs using FISH (see Methods). As illustrated (Fig. 4) , tau mRNA is detected in OLG somata, in the cellular extensions, and in their tips. Interestingly, the discontinuous, punctate staining observed with the mAbs (see Figs. 3 and 6 ) is also seen for the mRNA in some of the cellular processes (Fig. 4 B (22, 43) , is not restricted to the cell body, suggesting that a message targeting event may be instrumental in establishing the site of tau synthesis in the processes.
OLGs Express Several Tau Isoforms. In the brain cortex, tau exists as six isoforms. It was therefore of interest to determine whether these isoforms were all present in OLGs. Extracts from lamb brain cortex and cultured OLGs isolated from aged-matched brains were resolved on SDS/PAGE and blotted with mAb Tau-1 (Fig. 5, lanes 1 and 2) , Tau-5 (Fig. 5,  lane 3) , and Tau46 (Fig. 5, lane 4) according to standard protocols (see Methods). It is instructive to compare the resulting patterns; some notable differences are apparent. First, OLGs seem to have one or two additional isoforms of slightly higher molecular weight than the slowest migrating cortical tau species ( Fig. 5 ; compare lane 1 with lanes 2-4). Second, while the relative amount is about the same for each of the isoforms in the cortex, there is variation among OLG isoforms, with a clear preponderance of some species (Fig. 5, lanes 2-4) .
Tau and MBP Exhibit Similar Distribution Patterns in OLG Processes and in the Membranous Sheets at the Tips of the Processes. Analysis of the fluorescent images of tau and MBP in doubly stained OLGs revealed that the two fluorochromes localized in patterns of close apposition. Although various OLG morphologies were observed, common staining characteristics were evident (Fig. 6) . In all cases, the intense staining of the cell somata with either fluorochrome precluded analysis; however, this was not the case for the cellular processes and the membranes emanating from them. The salient features of MBP and tau distributions in OLG processes and membrane expansions observed were as follows: (i) staining was discontinuous, often segmental ( Fig. 6 A and B , arrows), (ii) tips of processes were clearly stained (Fig. 6 A, B, D, E, G, H, arrowheads), and (iii) immunoreactivity within membrane expansions appeared also to occur in patches (Fig.  6 D, E 
DISCUSSION
This study conclusively shows that tau is present in OLGs. However, tau distribution is different in cultured OLGs when compared to those resident in the rat brain. In situ, only cell bodies had immunoreactivity; no antibody signal was detected in the cellular processes. In contrast, cultured OLGs displayed antibody localization in their cellular processes as well as in the membranes emanating from them. Interestingly, the staining pattern in the processes was discontinuous, appearing segmental and patch-like. The finding that, in situ, tau was only detected in the cell bodies is not surprising given the intricate architecture of the mature CNS and the fact that the tissues examined were obtained from mature animals. Indeed, our observation is in line with previous reports describing staining with Abs against myelin-associated proteins that demonstrated differences between developing and mature tissues (44) .
Morphologically and possibly functionally, OLGs are heterogeneous (39) . This heterogeneity is manifested in cell size, shape, number, and nature of the cellular processes as well as association with other cell types. The heterogeneity is evident in situ and in vitro. Yet, in vitro, tau distribution was similar in all OLGs in that it was concentrated in the somata, at the tips of processes, at points of processes bifurcation, and in membranous expansions.
Only mAb Tau-5 localized to OLGs in situ, whereas a number of other tau mAbs stained cultured OLGs. The reason for these disparate results can probably be explained by differential fixation of the flexible tau molecule (see Results). Fixation may also be the reason why the detection of OLG tau has been equivocal. Indeed, this report definitively demonstrates the presence of tau in these cells. Although others have presented data also suggesting that tau immunoreactivity was present in OLGs (26) , biochemical and molecular biological corroboration of the immunostaining was not documented.
Tau protein comprises six isoforms produced by alternate splicing of a single mRNA species (13) . Using immunoblot analysis, we observed only two or three major tau bands in cultured OLGs. To ascertain whether these bands represent an OLG-specific isoform pattern or a differentially phosphorylated single isoform would require isolation and characterization of the OLG tau transcripts. Moreover, whether different tau isoforms are expressed during OLG process extension and maturation has yet to be determined.
There is general consensus that the cytoskeleton is involved in OLG process outgrowth and myelin assembly (18, 19) . Involvement of actin and tubulin during myelin formation has been suggested in that both proteins have been shown to copurify with myelin from rat brain (45) , and purified MBP forms complexes with these proteins (45) (46) (47) . A colocalization between MBP and the microtubule protein tubulin has also been reported (48) . In a comparative study of the protein composition of highly purified fractions of OLG plasmalemma and myelin by two-dimensional gel electrophoresis, Szuchet et al. (49) showed that both membranes had actin and a-and f3-tubulins. However, there were significant differences in their contents: OLG plasmalemma was enriched in actin relative to the tubulins; the opposite was the case for myelin. Analysis of purified CNS myelin further indicated that its cytoskeletal matrix includes MBPs and 2',3'-cyclic nucleotide 3'-phosphohydrolases I and 11 (50, 51) . Whereas these findings do not suggest a function for cytoskeletal elements in myelination, they underscore the likely importance of the codistribution of tau and MBP observed in our studies.
Tau and MBP were observed to localize in cell somata, in the OLG processes, and in membrane expansions at the ends of these processes. In fact, their distribution patterns suggested close proximity and/or overlap. The finding that tau is present at the tips of OLG processes is quite intriguing in the context of OLG extensions and myelination. The tips of growing OLG processes, like neuronal growth cones, are known to be actin rich (52) . Previous studies indicate that tau binds and gels actin in vitro (53) . Taken together, these data suggest the possibility that OLG tau may have a function similar to that recently proposed for neuronal tau in growth cones of cerebellar neurons (54) ; these authors suggest that tau may maintain the structural stability of this neuritic domain by interacting with cytoskeletal elements such as actin.
Microtubules have been postulated to be key elements in the translocation of MBP mRNA and other myelin components along cellular processes toward the sites of myelin assembly (19, (21) (22) (23) 43 
